of Controlled Trials, Cochrane Database of Systematic Reviews, EMBASE, HealthSTAR/Ovid Healthstar, and internet resource of Google Scholar TM (from their inception until December 31, 2009) to study the permissibility of using ozone as a disinfectant for dialysis water. After removing duplicates as well as reviewing the titles and abstracts of the retrieved articles, six papers were found to be relevant for our objectives. Two additional articles were obtained by searching the bibliographies of the relevant references.
This review is structured as follows: firstly, an assessment of the basic concepts that are essential to understanding how ozone works; followed by the technical aspects of ozone use in hemodialysis; then the safety issues associated with ozone exposure, and finally the practical application of ozone in hemodialysis.
Proprieties and Structure of Ozone

Physical Proprieties
Ozone is a tri-atomic allotrope of oxygen commonly referred to as O 3 . It is a highly unstable gas in the thermodynamic conditions of the earth's surface. It has, at a low concentration, a pleasant 'clean' smell originally described as the 'thunder smell' by the Greek poet Homer; while, at higher concentrations, it is deeply irritating. At these concentrations, its color is dark blue. Its density compared with air is 1.657 and it solidifies at a temperature of -192 ° C. Its boiling point at atmospheric pressure is -112 ° C. The molecule is far more unstable when dissolved in water (half-life 4 min at 20 ° C) than in air (halflife 14 h at the same temperature). For further discussion, it is important to know that its solubility decreases as temperature increases, from 1,400 mg/l at 0 ° C to nil at 70 ° C [12] .
The formula is usually written as O 3 , but in fact the third oxygen atom orbits around the molecular oxygen di-atomic structure. This means that the bond linking the third atom to the molecule structure is very weak and explains why the molecule is so highly reactive. It also explains the easy decomposition of the molecule and recombination of its constituents into a more stable molecular oxygen [12] . The physical characteristics of ozone are listed in table 1 .
Material Compatibility of Ozone
Ozone is a strong oxidant that can destroy numerous types of materials. For instance, ozone is listed as noncompatible with polyvinylchloride (PVC), the material used in most distribution pipes [7, 13] . However, at the low levels used for disinfection purposes, PVC is not affected [7, 10, 14] . Ozone will also attack and oxidize most plastics, elastomeric O rings and seals [7, 13] . Therefore, the use of ozone is suitable with the systems which are constructed from appropriately resistant materials, such as chlorinated PVC, polytetrafluoroethylene, polyvinylidene fluoride or stainless steel (AISI type 316L) [7, 13, 14] . This limitation applies not only to the piping and any storage tank that may be in the system, but also to all pumps, valves, and other fittings, including any O rings and seals they may contain [7, 13] . Table 2 displays the compatibility of ozone with a wide variety of materials.
Disinfectant Properties
Ozone is extremely effective as disinfectant, with a performance far superior to sodium hypochlorite, formaldehyde and peracetic acid, commonly used in sanitiz- ing water treatment systems [6, 7] . An ozone concentration of 0.2-0.5 mg/l, combined with a contact time of 10 min, is capable of killing bacteria, bacterial spores, and viruses in water [7, 14] .
In comparing the effectiveness of O 3 with that of other disinfectants, O 3 appears to be most effective in the inactivation of microorganisms, followed by chlorine oxide, sodium hypochlorite, and chloramine [15] . When the respective biological lethal coefficient values are compared, O 3 is about nine times more effective than chlorine oxide and four times more effective than chloramine [15, 16] . Its microbial efficacy has been demonstrated by achieving a sterility assurance level of 10 -6 with a variety of microorganisms including the most resistant microorganism, Geobacillus stearothermophilus [17] . Ozone is also quite effective in degrading endotoxins with its efficacy being concentration-and time-dependent [10, 18, 19] . Table 3 displays data on the effectiveness of ozone as disinfectant.
Biofilm Prevention and Removal
Ozone, in a free-gas form, is a very strong oxidant that reaches a biofilm in a much higher concentration than many other potential disinfectants, such as chlorine. The biofilm is very hydrophilic, making it a very watery substance. This property, in addition to the highly polar polysaccharides, makes a biofilm an easy target for ozone [20] . In routine application as a preventive treatment, ozone limits biofilm accumulation downstream from the treatment [21] . Ozone also has a higher removal efficacy, but limited biofilm kill. Destruction of biofilm may be possible if super-oxidative concentrations can be achieved [20] . However, a high ozone level can reduce the lifetime of some materials [20] .
Ozone Generation
Ozone is an unstable gas that rapidly decomposes to return to its oxygen molecule [1] . Due to this characteristic, it cannot be stored or packed in a container, but must be generated on-site and used immediately [22] .
In the generation of O 3 for commercial applications, a corona discharge is widely used. In this technique, shown in figure 1 , dry air or O 2 is passed between two electrodes separated by a glass or ceramic dielectric mineral. Concentrations ranging from 1 to 3% are produced if the feed gas is air and 2-6% if the feed gas is pure O 2 [16, 23] . Although less common than a corona discharge, O 3 may be generated by photochemical, electrolytic and radiochemical means [16, 23] .
Design of an Ozonation System for Hemodialysis
The four primary components of an ozonation system used in water treatment are shown in figure 2 . They include: the feed-gas supply, ozone generation, ozone injection or contaction, and destruction of excess ozone [22] .
Ozone Generation
An ozone generator comprises three main blocks: an automatic air drying unit, a high-voltage transformer and an ozone generator tube [24] . This generating unit produces gaseous ozone, which is injected into the water in a controlled flow rate through an injector [24] .
The ozone generator for hemodialysis application should use oxygen as a feed gas. Air cannot be used because by containing 78% nitrogen, the final gas mixture will contain a variable amount of highly toxic nitrogen oxides, besides oxygen and ozone [23] .
Ozone Injection or Contaction
The ozone contactor transfers the ozone-rich gas into the water to be treated, and provides contact time for disinfection [24] . Once ozone gas is transferred into water, the dissolved ozone reacts with the organic and inorganic constituents, including any pathogens. Ozone not transferred into the process water during contacting is released from the contactor as off-gas. Transfer efficiencies of 1 80% typically are required for efficient ozone disinfection [24] . 
Destruction of Excess Ozone
Ozone in product water may be harmful to patients, and the product water should not be used until the ozone produced has dissipated [5] . Approaches to remove ozone from the water use UV irradiation [7, 24] . Through the process the O 3 molecule is broken down into an O 2 molecule plus an O atom, which will bond to another atom to form a new oxygen molecule [24] . The effectiveness of UV irradiation depends on the dose of radiant energy [5] .
Other safety approaches for removing ozone if any molecules are still present in water include temperature [7, 25] , since ozone above 30 ° C breaks up instantly, or the combination of water with an acidic solution in which ozone will be reduced, and oxidizing acetic acid present in the solution [7, 25] .
Ozone Measurement and Control
Dissolved ozone can be monitored and controlled using oxidation-reduction potential analyzers, UV spectrophotometers, colorimeters or sensors that measure the photochemical reaction of ozone with ethylene [25] . The Association for the Advancement of Medical Instrumentation recommend the use of an indigo trisulfonate colorimetric test, or the equivalent, with measurement each time disinfection is performed, and the use of an ozone in ambient air test on a periodic basis to ensure compliance with the permissible exposure limit of 0.1 ppm of the Occupational Safety and Health Administration [14] . The figure 3 is a schematic design of an ozonation water treatment system for hemodialysis application.
Safety Issues Associated with Ozone Exposure
Patient Safety
Ozone has a very short half-life of about 25 min at 20 ° C in highly purified water, and exposure to UV irradiation will quickly remove it [14] . To ensure the complete removal of ozone, the ozone input should be discontinued a minimum of 1 h before starting up the dialysis water circulation [6] . Additionally, all dialysis water must first pass through an UV light unit. The radiant energy of the UV lamp causes the almost instantaneous breakdown of the ozone back to molecular oxygen. Finally, the dialysis machine itself de-aerates the water as one of its primary functions [6] .
Operating Safety
Safety considerations for operating an ozone system include potential for ozone exposure. Ozone is a toxic gas. It can be smelled at concentrations as low as 0.02-0.04 ppm. The toxicity threshold is around 0.4 ppm [12] . This means that the presence of ozone can be detected at a concentration ten times lower than the minimum toxicity level, which represents a security factor when compared with ethylene oxide gas [12] .
Occupational regulations in most countries have set the maximum threshold concentration for permanent exposure to a level of 0.1-0.2 ppm [12] . At higher concentrations, ozone induces ocular and respiratory irritation which could be irreversible if exposure exceeds 24 h at a concentration exceeding 1 ppm [12] .
Practical Application of Ozone in Hemodialysis
Ozone appears to be one of the most promising 'nonchemical' methods for water systems disinfection in hemodialysis. Recently, an increasing number of dialysis units in Europe (i.e. all Swiss cantonal hospitals) [18] and the United States [6, 7, 24] are using ozone to disinfect their water distribution systems and dialysate concentrate containers. Results from practical applications of ozone in hemodialysis facilities have shown that ozone is effective and cost-saving for use in treating dialysis water [18, 24] . 
Comparison with Other Disinfectants Used in Dialysis
A number of studies confirmed that molecular ozone is a very effective and promising disinfectant in hemodialysis, perhaps better than chlorine dioxide, peracetic acid, sodium hypochlorite, and formaldehyde. A comparison of ozone with these sterilization agents is given in the table 4 .
Operational Considerations
Every night after finishing hemodialysis ozone can be used through an ozone generator for disinfection of the distribution loop, tanks and the concentrate delivery sys- Adapted from Friedman [18] .
tem [11] . For adequate disinfection of water treatment systems the NANT Dialysis Technology manual recommends: 1 ppm ozone for 10 min or 0.5 ppm ozone for 20 min [26] . The presence and absence of ozone in the water and ambient air can be monitored regularly by tests (indigo trisulfonate or a digital colorimeter) [11] .
Cost Analysis All the data we were able to obtain from the literature indicated that ozone is cost-effective for treating dialysis water as compared with other methods such as disinfection with peracetic acid or heat disinfection [18] . Based on a daily routine, Friedman [18] has compared the cost of ozonation with heat pasteurization (temperature 1 80 ° C) for disinfection of water in a facility working with 12 stations. As shown in table 5 , ozonation appears more economical than heat pasteurization with regard to energy consumption and total annual costs [18] .
Conclusion
Due to its strong oxidizing activity, the use of ozone appears to be a promising resolution in the control of microbial activity, endotoxins and biofilm in water treatment plants. However, in spite of this positive biological effects, further investigations are necessary in order to approve its wider use in hemodialysis.
